METHODS: Combustion pollutant concentrations were measured during the scripted operation of natural gas cooking burners in nine homes. In addition to a base condition of closed windows, no forced air unit (FAU) use, and no mechanical exhaust, additional experiments were conducted while operating an FAU and/or vented range hood. Test homes included a 26m 2 tworoom apartment, a 134m 2 first floor flat, and seven detached homes of 117-226m 2 . There were four single-story, four two-story and one 1.5 story homes. Cooktop use entailed boiling and simmering activities, using water as a heat sink. Oven and broiler use also were simulated. Timeresolved concentrations of carbon dioxide (CO2), nitric oxide (NO), nitrogen oxides (NOX), nitrogen dioxide (NO2), particles with diameters of 6 nm or larger (PN), carbon monoxide (CO), and fine particulate matter (PM2.5) were measured in the kitchen (K) and bedroom area (BR) of each home. CO2, NO, NO2, and PN data from sequential experiments were analyzed to quantify the contribution of burner use to the highest 1h and 4h time-integrated concentrations in each room.
. There were four single-story, four two-story and one 1.5 story homes. Cooktop use entailed boiling and simmering activities, using water as a heat sink. Oven and broiler use also were simulated. Timeresolved concentrations of carbon dioxide (CO2), nitric oxide (NO), nitrogen oxides (NOX), nitrogen dioxide (NO2), particles with diameters of 6 nm or larger (PN), carbon monoxide (CO), and fine particulate matter (PM2.5) were measured in the kitchen (K) and bedroom area (BR) of each home. CO2, NO, NO2, and PN data from sequential experiments were analyzed to quantify the contribution of burner use to the highest 1h and 4h time-integrated concentrations in each room.
RESULTS: Four of the nine homes had kitchen 1h NO2 exceed the national ambient air quality standard (100 ppb). Two other homes had 1h NO2 exceed 50 ppb in the kitchen, and three had 1h NO2 above 50 ppb in the bedroom, suggesting substantial exposures to anyone at home when burners are used for a single substantial event. In all homes, the highest 1h kitchen PN exceeded 2 x10 5 cm -3 -h, and the highest 4h PN exceeded 3 x10 5 cm -3 -hr in all homes. The lowest 1h kitchen/bedroom ratios were 1.3-2.1 for NO in the apartment and two open floor plan homes. The largest K/BR ratios of 1h NO2 were in a two-story 1990s home retrofitted for deep energy savings: ratios in this home were 3.3 to 6.6. Kitchen 1h ratios of NO, NO2 and PN to CO2 were used to calculate fuel normalized emission factors (ng J -1 ). Range hood use substantially reduced cooking burner pollutant concentrations both in the kitchen and bedroom of several homes. A hood with large capture volume and a measured flow of 108 L/s reduced concentrations 80-95%.
IMPLICATIONS: These measurements demonstrate that operation of natural gas cooking burners without venting can cause short-term kitchen concentrations of NO2 to exceed the US outdoor health standard, and can elevate concentrations of NO, NO2, and ultrafine particles throughout the home. Results are generally consistent with a recent simulation study that estimated widespread 1h NO2 exposures exceeding 100 ppb in homes that use gas burners without venting. While operating a venting range hood can greatly reduce pollutant levels from burner use (and presumably from cooking as well), performance varies widely across hoods. Increased awareness of the need to ventilate when cooking would substantially reduce in-home exposure to NO2 and ultrafine particles in California homes. Helping consumers select effective hoods, for example by publishing capture efficiency performance ratings, also would help reduce exposure. 
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Introduction
The combustion products of natural gas cooking burners (NGCBs) include pollutants that can impact indoor air quality (IAQ). While complete combustion directly produces water vapor and carbon dioxide (CO2), the high flame temperatures also produce nitrogen oxides (NOX), including nitrogen dioxide (NO2), a respiratory irritant. Incomplete combustion can produce non-negligible emissions of carbon monoxide (CO), formaldehyde (CH2O), and nanometer-sized particles that form from condensation of partially oxidized organic compounds. These tiny particles grow through coagulation and condensation into particles that are tens of nm in diameter (Rim et al., 2012; Wallace et al., 2008) , but remain within the <100 nm diameter threshold that defines ultrafine particles (UFP).
The U.S. EPA sets national ambient air quality standards (NAAQS) for carbon monoxide and NO2, in order to protect both the general population and sensitive sub-populations (US EPA, 2010; US EPA, 2016). The NAAQS for CO are 35 ppm averaged over 1h, and 9 ppm averaged over 8h. The NAAQS for short-term exposure to NO2 is 0.1 ppm (100 ppb) over 1h. Formaldehyde is both a mucosal irritant and a human carcinogen (Kaden et al., 2010) . Healthbased guidelines for short-term formaldehyde exposure span a range of values (Salthammer et al., 2010 ). An expert elicitation review of the available literature rated the likelihood of increased short-term UFP exposure causing health effects as medium to high (Knol et al., 2009) . Another review noted the substantial experimental evidence and plausible mechanisms for respiratory and cardiovascular effects of UFP intake, but deemed the evidence as "not sufficiently strong to conclude that short-term exposures to UFPs have effects that are dramatically different from those of larger particles" (HEI Review Panel on Ultrafine Particles, 2013). The particles emitted from NGCBs typically don't have sufficient mass to be governed by health standards for ambient fine particulate matter (PM2.5). There are no standards or guidelines for UFP or fine particle number concentrations.
Emission factors of CO, NO2, and formaldehyde from NGCBs have been measured in laboratory and field studies (Moschandreas and Relwani, 1989; Singer et al., 2010a; Singer et al., 2010b; Traynor et al., 1996) . Several studies have reported emission factors and/or indoor concentrations of ultrafine particles resulting from NGCB use (Bhangar et al., 2011; Rim et al., 2012; Singer et al., 2010a; Wallace et al., 2008) .
Many studies have reported elevated concentrations of CO and NO2 in homes with natural gas cooking burners, compared to homes with electric cooking (Garrett et al., 1999; Ryan et al., 1988; Schwab et al., 1994; Spengler et al., 1994; Spengler et al., 1983; Wilson et al., 1986; Wilson et al., 1993) . A recent study of 350 California homes reported that NO2 and NO concentrations increased with increasing (self-reported) use of NGCBs (Mullen et al., 2016) . Several studies have reported substantial ultrafine particle emissions associated with use of NGCBs (Singer et al., 2010a; Wallace et al., 2008) . While several measurement-based studies have reported time-resolved CO, e.g. (Mullen et al., 2016) , only a few have reported time-resolved or peak NO2 concentrations resulting from NGCB use (Fortmann et al., 2001; Franklin et al., 2006; Moschandreas and Zabransky Jr, 1982) .
A recent simulation study assessed the impact of NGCB use on concentrations of CO, NO2, and formaldehyde in a representative sample of Southern California homes (Logue et al., 2014 The study used data on home sizes, cooking activities, and home ventilation rates, along with emission factors measured and reported by Singer et al. (2010a) . The study concluded that the weekly highest 1h mean NO2 concentrations exceed 100 ppb in the majority of simulated homes in which NG cooking burners were used without kitchen exhaust ventilation.
The primary strategy for mitigating exposure to pollutants from cooking burners is to use a venting range hood or other kitchen exhaust ventilation (Stratton and Singer, 2014) . Recent assessments of range hoods in the U.S. indicate wide performance variations across devices, and across airflow settings and burner configurations for many devices tested Lunden et al., 2015; Rim et al., 2011; Singer et al., 2012) . Several of these studies used capture efficiency, CE, as the performance metric. CE indicates the fraction of pollutants generated at the cooking appliance that are removed or exhausted by the range hood before they can mix into the air of the home. These studies found that for many range hoods, CE is much higher for the back than for the front cooktop burners. The Logue et al. (2014) modeling study of Southern California homes found that routine use of a venting kitchen range hood with a 52% CE (reflecting performance of a common hood for front burner cooking) should dramatically reduce the percentage of homes with 1h mean NO2 exceeding 100 ppb.
The primary objective of the research reported here was to quantify time-resolved concentrations of NO2 resulting when NGCBs are used under realistic conditions, and specifically to investigate if the threshold of 100 ppb over 1h is commonly exceeded. We also sought to measure concentrations of NO, NOX, CO2, CO, CH2O, PM2.5, and the number of particles with diameters ≥ 6 nm (most of which are UFP) following controlled burner use. Another objective was to conduct a pilot study of the benefits of using venting range hoods to reduce in-home concentrations of pollutants emitted by NGCBs. This report focuses on results for NO, NO2, CO2, and particle number concentration. Limited results are presented for CO and PM2.5 in the main body of the report, with additional data presented in the Appendix.
Methods
Overview
The study operated NGCBs and measured the resulting pollutant concentrations in nine homes in the San Francisco Bay area. Experiments were conducted, by permission, when residents were away from the home. Researchers controlled the operation of cooking appliances, ventilation, and forced-air heating systems. The NGCB operation sequences were designed to represent common cooking patterns. To avoid generating pollutants from food preparation, pots containing tap water were used as heat sinks. Air pollutants -including NOX, NO, number concentrations of particles ≥6 nm (PN), formaldehyde, CO, CO2, and estimated PM2.5 (using a light-scattering instrument) -were measured in the kitchen and a hallway or bedroom that was far from the kitchen. CO2 was also measured in a common room between the other two locations but generally closer to the kitchen. NO2 was inferred as the difference between NOX and NO, even though that value likely includes non-negligible amounts of nitrous acid (HONO) (Spicer et al., 1994) .
The base set of experiments included operation of each available burner set (cooktop, oven bottom burner, and separate broiler burner where available) with windows closed, no mechanical air mixing (i.e., the forced air heating system, if present, was turned off), and no mechanical 7 exhaust. Additional experiments were conducted with the forced air system operated in fan-only mode when this setting was available, and with a venting range hood when available.
Study homes
The nine homes varied in size and layout, as described in Table 1 . They included seven detached houses, one flat (first floor of two-flat duplex), and a small apartment. There were three homes with open floor plans and no walls enclosing the kitchen. Four of the homes had kitchens that were distinct rooms, connected to other rooms in the home via standard interior doorways. Two homes had semi-open kitchens. One of these (labeled H6) had a small galley kitchen with both a floor-to-ceiling passage and a large pass-through connecting the kitchen to the adjacent dining room. The other (H9) had two wide, open passages between the kitchen and adjacent rooms. Cooking appliances and ventilation equipment varied across homes. Five homes had a gas range with cooktop, oven bottom burner and waist-high burner; two homes had a gas range with only a cooktop and oven burner; and two homes had a gas countertop cooktop separate from an electric oven. A venting range hood was present in six homes. Six homes had forced air systems that could be operated in fan-only mode.
Study home access was arranged with owners or renters who were paid $200 for each day and $200 for each overnight period that a home was unoccupied and made available for experiments, up to a total allowable payment per home of $600. A single day of experiments required 11h of access to the home without occupants. 8 Table 2 summarizes the natural gas cooking appliances in each study home. The burner firing rates were obtained from the nameplate tag found on the appliance. Table 3 summarizes the kitchen exhaust fans in the study homes. Six of the homes had exhaust devices above the cooktop. Two of the venting hoods were "microwave over range" (MOR) appliances that combine the functions of a microwave and externally venting exhaust fan. Home H3 and H4 had no range hoods of any kind. H7 had a non-venting (recirculating) range hood that was operated during two experiments. 
Cooking burners
Range hoods
Burner operation and simulated cooking
A procedure was developed to simulate common usage scenarios for the cooktop, oven, and broiler burners. The procedures, used in homes H2 to H9, are described in Table 4 . The "Boil/Simmer" and "Sautee/Simmer" activities were combined into a single "Cooktop" procedure.
The procedures in Table 4 were not finalized until after experiments were completed in H1; experiments conducted in H1 thus included variations and combinations of the procedures. In H1, the simulated Roast activity involved 60 min total of appliance operation, corresponding to roughly 40 min of operation after the pot was added. The simulated Broil activity lasted for 40 min total, including 20 min of preheat and 20 min after the pot with water was added (compared to 15 min of simulated broil in H2-H9). Cooktop experiments were conducted either with two fry pans or with two boil/simmer pots. An experiment that was done only in H1 combined a slight variation of the Roast (oven set to 450 °F instead of 425 °F) and the standard Cooktop (Boil + Sautee) activities.
In H1, H3, and H4, an additional cooktop experiment was conducted in which two or more cooktop burners were operated at high setting without pots. 
Sautee/Simmer on Cooktop
Place stainless steel fry pan with 30.5 cm diameter base on second largest burner. At start, set burner to high. At 2 min from start, slowly add 1L cold tap water. At 6 min from start, turn burner to medium setting. Adjust burner down as needed to avoid boiling. Stop burner at 30 min total burn.
Roast with Oven Burner
Remove top oven rack and place bottom rack to allow 5L stainless steel pot to fit into oven. At start, set oven temperature to 218 ºC (425 °F). When oven reaches setpoint (or after 20 min if setpoint not yet reached), place uncovered pot containing 1L water on bottom oven rack. Maintain this condition for 30 min; then turn oven off and remove pot. (Note: total burn time varies with time to reach setpoint temperature.)
Broil with Broiler Burner
Remove top oven rack and place bottom rack such that top of 5L stainless steel pot on rack is approximately 13 cm below broiler burner at top of oven. At start, set oven to "broil" with oven door ajar. After 20 min, place 5L stainless steel pot containing 1L water into oven. With door ajar, maintain this condition for 15 min. Turn burner off, remove pot, and close door.
Cooking appliances generally were operated as found. In a couple of cases the appliances were wiped with wet paper towels to remove large debris.
Execution of experiments
Upon arriving to each home, we reviewed the planned experimental procedures with the host (homeowner or renter) and obtained her/his signature for the agreed usage periods. Together with the host, we conducted a walk-through to identify potential hazards, locate controls for the forced air unit (if relevant), and confirm acceptability of the planned placement of monitoring equipment (for electrical capacity). The host then left the home to return at the agreed time.
Study homes were used for varying duration as summarized in Table 5 . In the homes where we had access during consecutive days but not the intervening night, all instruments were shut down when the host returned at the end of the first day, and restarted when the host left the home the following morning. When the home was accessible for a night-day sequence, monitoring instruments operated continuously overnight. The protocol prior to starting cooking experiments included set-up and airflow checks of air quality instrumentation, recording information about the home and appliances, measurements to characterize performance of the range hood (if it vented to outdoors), and a check that all windows were closed and interior doors open. There were two exceptions to the general approach of operating homes with all windows closed and interior doors open. It was discovered mid-way through experiments at H4 that there was a bathroom window open about 15 cm; the window was left in this position for all experiments in H4. And in H8 there was a large opening in the master bathroom ceiling, related to a home construction project; this was addressed by keeping the door to the master bath closed throughout experiments in H8.
Each experiment included the following elements. (1) Air mixing in the home was either driven by the ambient temperature and pressure drivers, or by operation of the forced air unit (FAU) mixing fan. (2) If present, the venting range hood was either operated or not. (3) The simulated cooking procedure was followed. (4) Following the end of the cooking procedure, and range hood use if it was part of the experiment, ventilation and mixing in the home were held in the same condition for 60-90 minutes or more, to enable analysis of mixing and decay. When the FAU mixing fan was used, in most cases it was started approximately 10 min prior to the start of the cooking activity, and operated until the mixing condition was established for the next experiment. For experiments involving range hood use, the hood was started approximately 1 min prior to the start of cooking, and remained in operation until 5 min after the cooking procedure ended. Range hoods were most commonly operated on the highest setting, though lower settings were used in several experiments. Excluding one experiment in H1 in which the range hood was started 15 min after the end of a cooking procedure, mixing and decay periods varied from a minimum of 54 minutes to a maximum of overnight.
Summary descriptions of conditions for all experiments conducted in each home are provided in a series of tables in the Results section. The sequence of experiments varied across homes.
Air quality measurements
We continuously monitored the concentrations of carbon dioxide (CO2), carbon monoxide (CO), nitric oxide (NO), nitrogen oxides (NOX), formaldehyde (CH2O), total number concentration of particles greater than 6 nm (PN), number concentrations of particles in 6 size bins from 0.3 µm to 10 µm, and the estimated mass of PM2.5 via forward light scattering. Temperature and relative humidity were also monitored. The instruments used to measure each of these parameters are noted in Table 6 . The values reported for NO2 are based on the difference between measured NOX and NO, and likely include HONO (Spicer et al., 1994) ; for simplicity, we refer to the NO2 value reported by the instrument as NO2 throughout the remainder of this report. 1 L1=kitchen, L2=central; L3=distant. 2Data collected with these instruments has not been analyzed and is not presented or discussed in this report.
Air quality monitoring occurred in two primary locations and one secondary location in each home. The primary locations were the kitchen and a room or hallway far from the kitchen. The distant location was used to determine an approximate lower bound of combustion pollutant 12 concentrations and potential exposures. The kitchen and distant location had nearly identical collections of instruments, mounted on mobile carts. The kitchen cart was placed no closer than two meters from the cooktop in all homes other than the small apartment H4, in which the cart was as far from the stove as possible (see photo in Appendix). The devices on the cart sampled air at heights of roughly 1.4-1.65 m. The third monitoring package was installed on a table in a common room (living room, dining room, great room) closer to the kitchen, or connected to the kitchen in an open floor plan (L2 or "central" location is defined in Table 6 ). Figure 1 shows the kitchen cart in H1, and Figure 2 shows the bedroom cart in H9. Figure 3 shows the table for the central monitoring location, along with the kitchen cart in the background, in H9. Images of monitoring configurations in some of the other homes are provided in the Appendix. Air quality data were recorded at 1 min or more frequent intervals for the majority of analytes. The formaldehyde sensor recorded a reading every 30 minutes.
Particle instruments were operated side-by-side in a Lab test chamber to confirm consistency prior to deployment. CO2 instruments were calibrated after the field study and calibration factors were applied to the raw data. CO instruments were used as received new from the manufacturer, without an independent calibration. The NOX and NO2 analyzers were single-point calibrated at the start of the field study, then checked for zero and span calibration in the laboratory prior to most home deployments. Despite this, it was observed that in most homes, the NO and NO2 (NOX-NO) concentrations were offset between instruments, at times when the home was thought to be well mixed. The observed differences between the two NOX analyzers were used to determine an offset adjustment. Because the NO concentrations reported by the bedroom instrument were consistently in line with data obtained from nearby regulatory monitoring sites, at times when the homes were not impacted by indoor NOX emissions, the offset was typically applied to the NOX analyzer on the kitchen cart.
Range hood performance characterization
Measurements were made to quantify airflow and sound characteristics of all the venting range hoods in the study. The capture efficiency (CE) of cooking burner combustion products was measured for five of the six venting hoods. CE could not be determined for the hood in H1 because the range hood vent was inaccessible.
Exhaust air flow from the hoods was measured using a balanced-pressure flow hood method described by Walker et al. (2001) . The method uses a calibrated and pressure-controlled variable-speed fan (Minneapolis Duct Blaster, Energy Conservatory 1 ) connected to either the exhaust inlet (preferred approach) or outlet. The Duct Blaster is connected using a customized transition that was fabricated / adapted at each site using cardboard and tape. An example, in H8, is shown in Figure 4 . Using a pressure sensor, the Duct Blaster fan is controlled to match the flow of the exhaust fan while maintaining the pressure at the exhaust inlet at its normal value when the Duct Blaster is not installed. The pre-calibrated speed versus flow relationship of the Duct Blaster provides the flow through the exhaust fan. Sound levels were measured using the AudioTools app (version 8.9.X) from Studio Six Digital 2 on an iPhone6. We used the "Real Time Analyzer" tool, a 1/3-octave band analyzer, which provides sound pressure (in decibels, dB) as a function of frequency. The sound pressure distribution was measured for background conditions (hood off) and for each available fan speed when the house was in quiescent condition, i.e. with no air quality monitoring devices operating. We report the A-weighted total sound pressure (dBA) reported by the app as a summary statistic. Additionally, we applied the procedure that is used to determine the sound level reported by the Home Ventilation Institute (HVI) in their Certified Home Ventilating Products Directory; the calculation procedure is described in HVI Publication 915, available on the HVI web site.
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Capture efficiency (CE) refers to the fraction of pollutants emitted from the cooking burner (and cooking, when applicable) that are removed by the venting range hood before mixing into the air of the kitchen. CE can be estimated by calculating both the mass flow of CO2 exiting through the range hood, and the mass generation rate based on fuel composition and the assumption of complete combustion . In this study, we used a simpler approach that compares the flow of CO2 through the hood under the normal operating condition to the flow of CO2 when a foil curtain is used to extend the hood over the cooktop to ensure perfect or nearly perfect capture. This approach assumes no change in airflow between the conditions, meaning the CO2 mass flow changes proportionally with the CO2 concentration. CE is calculated using CO2 concentrations measured under the normal operating condition (CN) and with the hood extended to create nearly perfect capture conditions (C100), and background concentrations with the cooking burners off (C0), as shown in Equation 1.
CO2 concentrations in the exhaust from the range hood were measured using a PPSystems EGM-4 analyzer drawing from the ducting above the range hood. An example of the setup for this procedure, from H8, is shown in Figure 5 . Left panel shows hood with foil curtain to achieve 100% capture. Right panel shows foil curtain lifted and taped to cabinetry above to measure CE without curtain.
Attributing concentration profiles to individual cooking events
The primary objective of this study was to quantify the impact of using NGCBs on pollutant concentrations. However, in order to complete as many experiments as possible in the limited time available in each house, the interval between experiments was not long enough to allow concentrations to return to background levels before the next experiment. Therefore the analysis included a disentanglement procedure, in which the data for each analyte were decomposed into estimated concentration profiles for each cooking event.
Disentangling the data for a particular cooking event involved four steps: (1) fitting a firstorder decay model to the experimental data; (2) using this model to predict how the previous cooking event would have evolved, had the current event not taken place; (3) using the same model to predict how the current cooking event would have evolved, had the next event not taken place; and (4) The experiments occur too closely in time to distinguish individual concentration profiles in the measured data (solid blue line). Therefore we projected (dashed purple line) the profile from the preceding cooking event, past the start of the event being analyzed (here, Experiment H608). This projection accounts for the higher removal rate that occurred from range hood use during the first part of H608. Similarly, we projected the profile for H608 (dashed orange line), to remove the effects of the following experiment. The difference between the projections gives the estimated profile for H608 (solid green line), disentangled from the preceding and following experiments. We use this profile to estimate the integrated concentrations that would have occurred had H608 taken place without confounding experiments before and after. Figure 6 shows an example. Here we wished to find the concentration profile for the second of the three cooking events shown (the 8 th experiment in H6, identified as H608). First, we estimated the first-order decay rate for the current event, using the data recorded after the cooking itself ended. This involved fitting a decaying exponential model to a span of data starting after the range hood turned off, and ending before the FAU turned off. In selecting intervals for fitting data, we considered the movement of pollutants across zones of the house, as indicated by the dynamics of the two measured locations. In general, we waited until the two series "came together" -ideally by reaching or approaching the same concentration, and alternately by starting to follow the same downward trend. For the distant location, the decay interval often extended past the start of the simulated cooking event.
The decay rate was estimated using a least-squares fit to the measured data, with an assumed background concentration. The background represents the indoor concentration that would result from outdoor pollutant entry and indoor losses (including air exchange for all pollutants, and deposition for NO2 and PN). When choosing the background concentration, we performed leastsquares fits to find both decay rates and backgrounds and considered all experiments that had the same airflow conditions (e.g. central mixing fan on or off) during the same day, in addition to considering measurements at the start and end of the day or at any other time that informed the background estimate. For Experiment H608, the background was set at 10 ppb and the resulting fit gave a decay rate of 0.17 h -1 .
After fitting a decay model to the data following a generation event, we used it to project the profile from the prior cooking event. In Figure 6 , this projection has two stages: a short period, from the start of the current cooking event, up to the time the range hood turns off; and a longer period, during which only the FAU is on (dashed purple line). The decay rate for the first stage, during which both the hood and the FAU operate, was estimated by adding the decay rates for the FAU and the hood in quadrature, i.e., as the square root of the sum of the squares of the individual rates (the decay rate for the hood was estimated as the hood flow rate divided by the house volume). Note that it was not possible to estimate the decay rate for this first stage directly from the data, because there is simultaneous generation with a source of unknown strength.
The projection of the prior cooking event represents a prediction of how the prior experiment would have evolved, had the current event not taken place. Similarly, we used the same decay model to project the current event, past the first change related to the following experiment (dashed orange line). In this experiment, that first change was turning off the FAU; in other experiments, it was the beginning of the cooking itself. Extending the current experiment was necessary to estimate the four-hour time-integrated concentration due to the event.
Note that both the projection of the prior experiment, and the projection of the current experiment, used the same decay rate and background, as estimated from the data collected immediately after cooking ended for the current experiment. This ensured the disentanglement for a given experiment most closely reflected the measurements made during that experiment. It also means that a single span of data could be processed using two different decay rates. Consider, for example, projecting the results of H608 past the beginning of the next event, H609. When predicting exposures due to H608, we used the decay rate observed for this event.
However, when predicting exposures due to H609, we use the decay rate observed for that experiment.
Subtracting the projection of the previous experiment from the measured and projected data for the current experiment yielded the estimated profile for the current experiment, i.e., a prediction of what the current experiment would have yielded, had there been no cooking events immediately before or after it (solid green line). These adjusted data also have the assumed background concentration added in, since otherwise the current event would start with zero concentration.
This extrapolation and subtraction procedure was applied separately for CO2, NO, NO2, and PN, in the kitchen and bedroom, as data were available. The time intervals used for decay fits are shown as shaded areas in data plots provided for each home in the Appendix. Inferred baselines and decay rates are provided for the four analytes in the Appendix.
The measurements and extended concentration profiles were analyzed to determine the highest 1h average concentration of each pollutant at each location, and also to find the integrated concentration over 4 h.
Estimating emission factors from ambient concentrations
We used the highest 1h concentrations to estimate fuel-normalized emission factors for NO2, NOX, and PN, using the method described in (Singer et al., 2010a) . Briefly, this approach calculates the emission rate of CO2 from natural gas combustion, and uses the measured concentration ratios for each pollutant to CO2 to calculate an emission factor. For NOX and NO2, the calculation proceeds according to Equation 1, where the first term on the right side is the ratio of NO or NOX to CO2, and the second term is a property of the fuel; we used 1.1 mol CO2 / MJ fuel based on Singer et al. (2010a) .
(1) Equation 2 was used to calculate PN emission factors.
(2)
Results
Measured range hood performance
Measurements of range hood performance parameters are presented in Table 7 . Consistent with a prior study by our research group , the measured airflows were substantially below rated values for five of the six installed hoods. Interestingly, the estimated sound ratings (in sones) were lower than the rated values for many of the hood settings. Table 8 presents the estimated capture efficiencies measured with the new field test method described in Section 2.8. Consistent with a prior field study (ibid), the performance of several of the hoods was dramatically different for the front and back cooktop burners. For most ranges, the performance of the back cooktop burners is a good indicator of capture for oven emissions. 
Experiments conducted
All experiments conducted in the nine study homes are listed in Table 9,  Table 10 , and Table 11 . 
Measured pollutant concentrations
To elucidate some of the major themes seen in the data, sample results for base conditions are presented in Figure 7 and Figure 8 . These plots present data for NO2, NO, PN, and CO2, in both the kitchen and the distant bedroom monitoring locations. The same parameters are presented for each full day of experiments in a series of plots in the Appendix. Figure 7 presents data from Day 1 in H3. As expected, kitchen CO2, NO, NO2 and PN increased quickly as burners fired at the maximum settings: cooktop burners set to the highest flame, or oven or broiler burner firing continuously. Concentrations remained elevated throughout the simulated cooking events as the cooktop burners were set to medium-low, oven burners cycled to maintain temperature, and broiler burners continued to fire continuously. The kitchen traces show more short-term variability owing to their proximity to the source. After the burners were switched off at the end of a simulated cooking event, concentrations in the kitchen started to decay as pollutants mixed throughout the house and were removed by ventilation and infiltration. NO2 and PN also were removed by deposition. With each burner use, concentrations in the bedroom started to rise after a short delay, representing the transport / mixing time from the kitchen to the distant location. Bedroom concentrations increased over a time interval that was similar in duration to burner use, but shifted later in time. For NO and CO2, concentrations decayed slower in the bedroom than in the kitchen, presumably due to lower rates of outdoor air directly entering the bedroom, compared to the kitchen. For PN and NO2, each of which deposit indoors at rates that are fast enough to compete with air exchange as a removal process, the kitchen and bedroom concentrations decayed at the same rate in the two rooms.
Day 1 in H5 shows a somewhat different pattern (Figure 8) . In this house, the distant bedroom had less indoor air exchange with the kitchen. Following the start of an emission event without the FAU operating, the bedroom concentrations increased more slowly, and reached peak levels that were much lower than in the kitchen. Concentrations in the kitchen and bedroom converged for NO and almost converged for CO2 only in the first and fourth experiments. Decay rates in the kitchen and bedroom were similar.
The absolute concentrations, relative dynamics and peak concentrations, and the effect of FAU operation on the relative dynamics of pollutants in the kitchen and bedroom varied widely across homes. In general, as the delay increased, so did the difference between the kitchen and distant room peak concentrations. The closest coupling without FAU use occurred in H4, H7, and H8. The coupling in H4 is explained by it being a small, 2-room apartment. H7 and H8 are newer homes with open floor plans that resulted in closer connections between spaces. FAU operation substantially increased PN decays in H9, which had a high-performance (MERV13) filter installed in the FAU. In the single FAU experiment in H6 (on Day 2), NO2 decays were much faster than they were in the experiments without the FAU operating; this suggests removal of NO2 in the air handler. 
Time-integrated pollutant concentrations under base conditions
Summary results for all experiments with base conditions of no mechanical mixing (no FAU operation) and no use of range hood or other exhaust fan are provided in Figure 9 and Figure 10 . These figures show the highest 1h and 4h time-integrated concentrations in the kitchen and bedroom locations following each simulated cooking event. For this presentation, the homes are grouped according to the opening between the kitchen and the rest of the home, and ordered by home size. Data are presented for NO, NO2, and PN.
Overall, concentrations of each pollutant varied widely both across and within homes. As expected, bedrooms had substantially lower pollutant concentrations than kitchens, across all homes except for the two-room apartment, H4, and the open floor plan house, H8. For NO and NO2, there was no trend across homes associated with the burner used in the simulated cooking event (cooktop, oven or broiler). For PN, there were several homes that had much higher concentrations when using the oven or broiler burner compared to the cooktop, but no homes in which the cooktop produced substantially higher PN. Unsurprisingly given its very small size, H4 had the highest concentrations of NO and NO2. That H4 did not have higher PN concentrations than other homes suggests that the variance in PN emission rates had a larger impact than variations in home size. The data also indicate a trend of higher kitchen concentrations in homes with enclosed kitchens (H1, H3, H4, and H5) relative to homes with semi-open kitchens (H6 and H9) or open floor plans (H2, H8, H9 ). The trio with open floor plans included the two largest homes, which contributed to the generally lower concentrations observed in those homes.
The plot of highest 1h concentrations shows the NAAQS benchmark of 100 ppb NO2 over 1h. Four of the nine homes had kitchen levels exceed this value, and two other kitchens had 1h NO2 concentrations of at least half this value. Three of the nine homes had bedroom NO2 levels exceed 50 ppb. This suggests significant exposures may occur for anyone at home when natural gas burners are used for even a single, substantial cooking event.
For the vast majority of experiments, there were negligible increases in CO and PM2.5. We thus limited quantitative analysis for these pollutants only to those cases in which concentrations were observed to increase by approximately 9 ppm for CO and 20 µg m -3 for PM2.5. These criteria were satisfied by 3 experiments for CO, and three for PM2.5, and those only in the kitchen. Results for these experiments are provided in Table 12 . Whereas short-term CO concentrations in homes using gas and electric cooking burners have been reported in several studies, including the recent work of (Mullen et al., 2016) , we are aware of few published reports of short-term NO2 or NO measurements associated with cooking burner use in homes. In a UK-based study with limited relevance to the US owing to differences in cooking equipment, (Franklin et al., 2006) used an innovative approach in asking participants to open a passive sampler whenever the oven or hot plate was used at least 15 min. A companion passive sampler was open continuously through the study period. Data were collected in 24 homes with flued gas cookers, 8 homes with unflued gas cookers, and 21 homes with non-gas cookers. Peak samplers were open an average (SD) of 3.7 (2.6) h and long-term samplers were open for 74.1 (5.8) h. Peak NO2 concentrations were significantly higher in homes with flued and unflued gas cooker compared to homes with non-gas cookers. In the homes with unflued gas cookers, the geometric mean (95% confidence interval) peak concentrations were 44 (26-75) ppb. In the homes with non-gas cookers the peak concentrations were 13 (10-19) ppb. (Note that results have been converted from the published units of µg m -3 to ppb).
In an extensive study of air pollutant emissions associated with cooking, (Fortmann et al., 2001 ) measured time-resolved concentrations of CO, NO, and NO2 outdoors and in the kitchen, living room, and master bedroom of a 76.6 m 2 (824 ft 2 ) single story house, which appears from the floor plan to have had an enclosed kitchen. Boiling water on the natural gas cooktop burner over 1h produced concentrations (across the three rooms) of 2.8-3.5 ppm CO, 219-293 ppb NO, and 53-74 ppb NO2. Operation of the oven for 2h without food produced concentrations of 2.0-2.1 ppm CO, 272-280 ppb NO, and 79-94 ppb NO2 across the rooms. Outdoor concentrations during the cooktop and oven experiments were 1.2 and 0.5 ppm CO, 56 and 24 ppb NO, and 19 and 17 ppb NO2. Concentrations over the cooking events exceeded 9 ppm CO during a fish broil (8.6-10.1 ppm) and oven cleaning (14.8-19.9 ppm) with gas burners and were also elevated (7.5-7.9 ppm) during electric oven cleaning. Average NO2 concentrations during the cooking period exceeded 90 ppb in at least one room during fish broiling, making French fries, baking lasagna, preparing a full meal, and oven cleaning with gas burners. The highest NO2 with an electric burner was during oven cleaning: LR concentrations of NO2 reached 42 ppb with outdoor concentrations at 22 ppb. We identified only a few studies that reported the impact of gas cooking burners, distinct from food preparation, on particle number concentrations in homes (Fortmann et al., 2001; Wallace, 2006; Wallace et al., 2008) . In a 76.6 m 2 (824 ft 2 ) single story house, which appears from the floor plan to have had a closed kitchen, (Fortmann et al., 2001) reported PN (>30 nm) of 44 x10 3 cm -3 when operating the gas cooktop with a pot of water over 1h and 88.5 x10 3 cm -3 when the gas oven was operated for 2h without food. Concentrations in the kitchen were 5.5 x10 3 cm -3 and 3.9 x10 3 cm -3 before cooktop and oven use, respectively. In a 400 m 3 , 3-story townhouse, (Wallace, 2006) reported concentrations of PN (>10 nm) of 5.8 x10 3 cm -3 during 36 events of tea preparation using the gas stove, compared to PN of 3.4 x10 3 cm -3 during 888 periods when no indoor sources were present. Results from (Wallace et al., 2008) indicate that the PN levels reported in these two prior studies, and even in the current study, are likely under-reported: the median diameter of PN emitted from their gas stove was is in the range of 4-7 nm for a naked cooktop burner (no pots, and grate removed), 5.5-20 nm when a pot or pan was used to boil water or cook, and 4-24 nm when the over or broiler burner was used. For the stovetop without the grate, peak concentrations of 2-64 nm particles were 290-2200 x10 3 cm -3 in the kitchen and 90-740 x10 3 cm -3 in the master bedroom. Peak concentrations of 2-64 nm particles were 48-450 x10 3 cm -3 in the master bedroom.
Repeatability
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Effect of range hood use
The effects of operating a venting range hood during cooking are presented in Figure 11 . This figure presents the percentage reduction in the highest 1h concentration, calculated as the difference between experiments with range hood use and analogs without range hood use. Included in this figure are the calculated reductions from using the bath fan as the only available exhaust device in H4, and the recirculating range hood in H7.
Broadly, these results indicate that use of range hoods can yield substantial reductions in cooking burner pollutant concentrations both in the kitchen and throughout the house. The positive impact of the range hood was larger than the variability of the experimental method, producing net reductions in all cases. The most benefit was seen in H1, which had a range hood with large capture volume and a measured airflow of 108 L/s. This hood, which produced reductions mostly in the range of 80-95%, was of similar design to hoods that showed very high capture efficiency in prior studies: hood B5 in the field study by , and hood P1 in the lab study by . The next most effective hood, in house H5, also had characteristics reported by to be important to performance: it extended to fully cover the front burners and it had airflow substantially above the benchmark of 95 L/s.
The only other hood with reductions mostly exceeding 50% was the over-the-range microwave with exhaust fan in H2, with an exhaust fan that moved 76 L/s at high speed. Prior studies Lunden et al., 2015; Singer et al., 2012) have found over the range microwave exhaust fans to vary widely in their capture efficiency, in large part explained by variations in airflow but likely also relating to disadvantageous geometry. The reductions observed for H5 were consistent with those measured for hood H2 operating at similar airflow in . The range hoods in H6, H8 and H9 had calculated reductions of 0-50% with more than half of the results falling in the top half of that range. These hoods had substantially lower airflows and did not extend to cover front burners fully. The bath fan in H4 reduced concentrations by 15-40% across the measured species, suggesting a modest benefit that could have been caused by method variability. The recirculating range hood in H7 showed small net reductions (≤10%) for NO2, NO, and CO2 (which had the same reduction as NO), and a larger reduction for PN (~30%). All were within the variability of replicate experiments.
The relationships of range hood effectiveness for PN, airflow, and burner position have been discussed by (Rim et al., 2012) and (Lunden et al., 2015) . In measuring particles down to 2 nm, Rim et al. found that removal effectiveness was lower for 2-6 nm particles than for particles >6 nm. Since a large number of particles are in the lower size range, that effect is expected to reduce the overall effectiveness reported by Rim et al. relative to what would be reported for 6 nm and larger particles, as measured in this study. The "A" hood in the Rim et al. study was similar in design and airflow to the hood in H8 and H9 in this study. The roughly 40% reductions in cooktop-emitted PN calculated with range hood operation in those homes is roughly midway between the 31(6)% for front burners and 54(9)% for back burners reported by Rim for Hood A.
The "B" hood tested by Rim et al. was similar in design to the hood in H5 in this study and the measured airflows of the hood in H5 were between the medium and high flows measured for Hood B in Rim et al. Yet the effectiveness for PN was substantially lower in H5 than reported for by Rim et al. for their Hood B. The apparent difference may simply result from the greater variations in PN associated with our experimental approach of this study. Shaded grey areas show the range -back burner to front burner -of capture efficiency measured for the hood at the flow rate used in the experiment which is overlaid. Table 15 presents results for the experiments in which the air handler of the forced air heating system (FAU) was operated starting approximately 10 min before cooking and through the decay period. The experiments with FAU use are compared to experiments with the same cooking activities with no FAU use. From the basic physical consideration that it increases mixing, we expected the FAU to reduce kitchen concentrations and increase bedroom concentrations relative to the same cooking activity with no mixing -unless there are losses in the forced air system (e.g. removal by a furnace filter). The trend of a more positive increase in the bedroom relative to the kitchen is evident in the highest 1h CO2, NO, and NO2 in two H1 experiments, the experiment in H6, and the CO2 and NO2 data in H8. Concentrations in the kitchen either decreased or increased very slightly (which is expected from variability in emissions), whereas concentrations in the bedroom were dramatically higher with FAU operation. The PN results for FAU use in H1 don't follow this trend, but in H6 there was still a much larger increase in bedroom PN vs. kitchen PN when the FAU operated. The trend was not apparent in the FAU experiments in H7 and H9. The experiment in H2 had only CO2 and PN data to compare. Overall, there was not a consistent trend of FAU impacts in this study. The lack of a clear trend across all the data collected for this study does not mean that FAU use does not impact pollutant spatial distributions in homes. Rather, the results suggest that the mixing effect was of the same order of magnitude or less than variations caused by other factors, including emission rate and variability of non-mechanical mixing, for the homes studied.
Effect of FAU Use
Spatial variations
The calculated time-integrated concentrations in the kitchen and bedroom were compared for each experiment to quantify the potential spatial variations in cooking pollutant exposures in homes; results are shown in Figure 12 and Figure 13 . Across the sample, the least pronounced spatial variations occurred in the small two-room apartment (H4) and two of the homes with open floor plans (H8 and H7). Spatial variations of highest 1h NO in these three homes were almost all in the range of 1.3 to 2.1 (there was one outlier in H8). The greatest spatial variations of 1h NO2 were in H9, the two-story 1990s home retrofitted for deep energy savings: K/BR ratios in this home were 3.3 to 6.6. For many of the homes, the kitchen to bedroom ratios were somewhat higher for the highest 1h compared to the 4h time-integrated concentrations. This is consistent with the difference between the two locations being largest during the period during and just after cooking. Within each home, spatial variations for NO (and CO2, not shown in the Figures) were smaller than for NO2 and PN. This results because deposition loss rates for NO2 and PN were competitive with mixing times in all of the homes. 
Emission factors
Calculated emission factors for NO2, NOX, and PN are shown in Figure 14 The emission factors derived from the simulated cooking experiments can be compared with those presented for samples of burners in two earlier reports: (1) a compilation of data from studies completed prior to 1990, mostly from the 1970s and early 1980s (Traynor et al., 1996) ; and (2) a study that reported emission factors for previously used appliances including 13 cooktops, 12 oven burners and 6 broiler burners that were first sold in 1992 to 2007 and tested at ages 2 to 17 years (Singer et al., 2010a) . Note that NO2 emission factors from the 25 gas ranges reported by (Moschandreas and Relwani, 1989) are included in the Traynor review. (Traynor et al., 1996) presented results for NOX and (Singer et al., 2010a) presented results for NOX, NO2, and PN.
NOX emission factors from the current study ranged from 28 to 64 n  with most of the data between 30 and 45 n  , and a geometric mean of 40. These are a bit higher than the emission factors reported by (Singer et al., 2010a) , which ranged from 17 to 47 n  with most of the data between 30 and 36 n  , and the results reported by (Traynor et al., 1996) , which had a geometric mean of 32 n  .
Most of the NO2 emission factors calculated in the current study were between 5 and 15 n  , with geometric mean 10.3 n  . The prior study by (Singer et al., 2010a ) reported similar results with 28 of the 31 burner sets having NO2 emissions within the range of 5-15 n  .
The biggest difference between the current results and previously reported emission factors is for PN. In this study, the calculated PN emission rates ranged from 2. . In the results reported by (Singer et al., 2010a) , PN emissions were much more variable. The highest emission factors for each burner type were in the same range as those determined in the current study: 1.4, 0.5, and 2.6 x10 10 J -1 for CT, OV and BR burners respectively. But for each burner type reported in the earlier study, there were many more burners with PN emission factors below the lowest values reported for the current study. This difference may result from the cleaning, pre-conditioning, and more repeat experiments in the earlier study. This observation derives from the hypothesis that the particles were formed by volatilization of organics compounds that were deposited on cooktop, oven or broiler burner surfaces, as reported by (Wallace et al., 2015) for electric burners and other hot surfaces.
Summary and Conclusions
The short-term indoor air quality impacts of using natural gas cooking burners were investigated through controlled experiments in nine residences in Northern California. Cooktop, oven, and broiler burners were operated in a prescribed manner intended to simulate use during typical cooking activities, while avoiding emissions associated with food preparation. Homes were set to defined ventilation and mixing conditions with a baseline configuration of windows closed and no operation of the air distribution system of the forced air heating unit (FAU). The impact of FAU operation was investigated in a limited way through experiments conducted in six of the homes. Air pollutants were monitored continuously in the kitchen and the bedroom area to quantify concentrations of NO, NOX, CO2, CO, and the number of particles with diameters ≥6 nm as an indication of ultrafine particles (UFP). The difference between NOX and NO was calculated and reported as NO2 even though that value likely includes non-negligible amounts of nitrous acid (HONO). Estimated PM2.5 was measured by light scattering. A pilot investigation of the benefits of range hoods and kitchen exhaust ventilation was conducted with experiments in 40 eight homes, including six with venting range hoods, one with an exhaust fan in a room adjacent to the kitchen, and one with a recirculating range hood. A total of 65 experiments were conducted during 15 days and 7 overnight periods.
The data were analyzed to disentangle the time-concentration profile for each experiment from the effects of prior and subsequent experiments. This enabled estimation of the highest 1h and 4h time-integrated concentrations for CO2, NO, NO2, and PN in each experiment. The results were used to quantify the pollutant concentrations in each room and relative levels of pollutants in the two locations over time. The highest 1h concentrations of NOX, NO2, PN, and CO2 were used to estimate fuel-normalized emission factors (ng J -1 and particles J -1 ). Differences between experiments with range hood use and analogous experiments -defined by cooking burner and home mixing condition -without range hood use were used to calculate pollutant reductions from using the range hoods.
Pollutant concentrations varied widely across and within homes. Concentrations were much lower in bedrooms versus kitchens, except for a small two-room apartment, H4, and an open floor plan house, H8. In several homes PN concentrations were much higher when using the oven or broiler burner compared to the cooktop. No clear trends by burner were observed for NO or NO2 across apartments. The data show larger deviations between kitchen and bedroom concentrations in homes with enclosed kitchens (H1, H3, H4, and H5) relative to homes with semi-open kitchens (H6 and H9) or open floor plans (H2, H8, H9). The trio with open floor plans included the two largest homes, which contributed to the generally lower concentrations observed in those homes. Four of the nine homes had kitchen levels exceed the national ambient air quality standard threshold of 100 ppb NO2 over 1h, and two others had 1h NO2 concentrations of at least half this value. Three of the nine homes had bedroom NO2 levels exceed 50 ppb. This suggests significant exposures may occur for anyone at home when natural gas burners are used for even a single, substantial cooking event.
Results from the pilot of study of kitchen ventilation indicate that range hoods can substantially reduce cooking burner pollutant concentrations, both in the kitchen and throughout the house. The positive impact of the range hood was larger than the variability of the experimental method, producing net reductions in all cases. An 80-95% reduction was observed in H1, which featured a range hood with large capture volume and a measured airflow of 108 L/s. The hood in H5 also had characteristics important to performance: it extended to fully cover the front burners, and it had airflow substantially above the benchmark of 95 L/s. When operated on high speed, it reduced 1h concentrations by 56-78%. The only other hood with reductions mostly exceeding 50% was the over-the-range microwave with exhaust fan in H2. The range hoods in H6, H8 and H9 had reductions of 0-50% with more than half of the results falling in the top half of that range. These hoods had substantially lower airflows and did not extend to cover front burners fully. The bath fan in H4 reduced concentrations by 15-40% across the measured species, indicating a modest benefit. The recirculating range hood in H7 showed small net reductions (≤10%) for NO2, NO, and CO2, and a larger reduction for PN (~30%) that were all within the variability of replicate experiments.
The results of this limited field study generally confirm the finding of a recent simulation study (Logue et al., 2014 ) that using natural gas cooking burners without venting commonly produces short-term NO2 concentrations in homes that approach or exceed the federal ambient air quality standard of 100 ppb.
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The results also show that operation of a venting range hood with airflow and geometry described by Singer et al. (2012) substantially reduces concentrations of cooking related pollutants throughout the home.
Recommendations
Based on the findings of this field study and the related, prior work referenced herein, the authors offer the following policy recommendations.
Efforts should be made to increase awareness (a) that natural gas cooking burners are a source of air pollutant emissions into homes, and (b) that these pollutants can be controlled with an appropriately-sized venting range hood or other kitchen exhaust ventilation. Since cooking with electric burners also produces pollutants, kitchen exhaust ventilation should be available in all homes, and operated as a precaution whenever cooking occurs. Since the performance of most hoods is much better when cooking is done on the back cooktop burners, this practice should be encouraged to improve safety. Gas utilities could play a valuable role in publicizing these messages.
Building standards should require that range hoods have airflows of at least 95 L/s and cover front burners or preferably demonstrate performance through a standard test. Such a test is currently under development by ASTM.
